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ABSTRACT

The magnetic field measurements made by the megnetic field
experiment on the IMP 3 (Explorer 28) spacecraft have been exsmined
at the time of geomagnetic sis.c. events., 36 such events occurred
while IMP-3 was in the interplanetary medium during 1965, 66 and 67
and have been enalysed. Of these events 8 must have been tangential
discontinuities, 2 are either tangential discontinuities or
rotationel discontinuities and 26 are possible shock waves.
(2 of these 26 events have been shown by other authors to be
shocks.) These 26 possible shocks have similar magnetic
signatures: an incréase of 20% or more in the msgnetic field
megnitude and a relatively small (always less than 90°) change
in direction. The larger s.s.c. events were more likely to be
caused by possible shocks while the smaller events were often assoc-
igted with tangentisl discontinuitles. The orientation of the dis-
continuity surfaces of the 26 possible shocks shows e preference to be
aligned somewhere between & direction perpendiculser to the sun-earth
line and a direction tangent to the local spirsl angle of the
magnetic field., It was possible to associate solar flares with
14 of the 26 possible shock events. Of these 1L a relisble
orientation was deduced for 8.events. Byvconsidering the
orientation of these 8 events in relstion to the position of
the parent flares oﬁ the solar disk it is suggested thata typical
sgsck front propsgeting out from the sun has a radius of

curveture less than‘but of the order of 1 s.u.



INTRODUCTION

A number of authors heve considered discontinuities in
the solar wind associated with geomagnetic’disturbances
(Gold, 1955 ; Sonett et el., 1964 ; Hirshberg, 1965 ; Col-
burn and Sonett 1966 ; Gosling et al., 19678? )‘1967b,

1968 ; Van Allen and Ness, 1967 ; Ogilvie et al., 1968 ).
It is agreed that geomagnetic sudden commencement (s.s.c.)
events are caused by a discontinuous increase in the piasma
pressure on the magnetosphere, Satellite studies of these
megnetohydrodynamic discontinuities have reveasled that some
are shock weves (Sonett et al., 196: ; Gosling et al., 1967Te;
1968 .) and some are tangential discontinuities (Gosling et al.,
19670 ).

These s.s,c.=associagted discontinuities are thought to be
the boundery between plasma ejected from the sun in a solar
flare and the qulet, pre-flare solar wind. The propagation of
the flare plasma out from the sun has been considered by
various suthors (Gold, '1959 ; Parker, 1963 ; Hirshberg, 1968 ).
and various models have been suggested., The measurement of the
magnetic field associated with this type of s.s.c. related event
gives informstion sbout the local orientstion of the discontinuities
and thus can help to determine the large scale structure of these
features. In this peper a number of sudden commencement-associated
events have been studled with the megnetometer on the IMPr3(Explorer 28)

spacecraft. Two findings of this study can be summarized as follows.



1. Both shock waves and tangential discontinuities are
capeble of causing en s.s.c. event. The larger
events are more likely caused by shock waves.,
2. Yhen it pesses the earth a typical shock front caused by
the flare-associated outburst appeasrs to have & radius
of curvature of less than, but of the order of, 1l a.u.
The measurements from 36 different s.s.c.- assoclated events which
occurred while the IMP 3 spacecraft was in the interplenetary

medium between June, 1965 and Januery, 1967 will be presented and

discussed.




THE EXPERIMENT

The IMP 3 spacecreft was launched on Mey 29, 1965 into a
highly eliptical orbit. Initially its spogee was L1.9 Re
(Re%6378 km) and decreased to 36.3 Re during the spacecraft's
lifetime of approximately two years. The perigee varied from
only slightly more then 1 Re (a few hundred km altitude) at
launch to as high as 6.5 Re late in its lifetime, The initial
sun-earth-spogee angle was 121 degrees, The orbital period was
initielly 140.6 hours or 5.86 deys .and remained within 1.5
hours of this value during the lifetime of the satellite,

During the months of June through January of each year the
spacecraft spent at least some time in the interplenetary
medium, upstream from the bow shock. During the months of
February, March, April and Mey IMP 3 never crossed the bow
shock end therefore did not sample the interplanetary medium
directly.

The megnetic field experiment on IMP 3 was identical to
that used on IMPs 1 and 2. It consisted of two monoexial
spinning fluxgate magnetometers. The instrument has been
described previously in detail by Ness et al. (196L) and by
Fairfield and Ness (1967).

Unfortunately one of the magnetometers failed during the
lgunch sequence boom erection so that measurements are obtained
only helf as frequently, that is every L1 seconds instead of

every 20.5 seconds as on the earlier IMP 1 and Z spacecraft.



There is a gap of 123 seconds sfter every 6 data points when the
rubidium megnetometer is reed out. Each measurement is msade in

a period of 4,8 seconds by making ‘e least squeres fit of the

spin modulsted output of the detector to a sine wave, The root
mesn square (RMS) deviation of this fit is used as an indication

of the goodness of the fit. Detailed asnslyses of the possible
errors in this scheme have been published by Fredricks et al. (1967)
end Fairfield and Ness (1967).

Direct comparisons with other spacecraft (Pioneer 6 and T
and Explorer 33) throughout the IMP 3 lifetime give excellent
sgreement. Such comparisons indicete thet the ebsolute error of
the instrument is probably 1¥ (€=10-5 gauss) or less. The
relative accuracy, important in this study of discontinuous changes
in the field, is even better, especially over the short time

periods of interest in this work (of the order of minutes).




ANALYSIS
Events were chosen for study by consulting the preliminary
report of sudden commencements published quarterly in the

Journal of Geophysical Research prior to 1966 and subsequently in

Solar-Geophysical Data* at the same 3 month intervals. Geo-
magnetic impulses identified by 10 or more megnetic observatories
as s.s.c, events ("Sudden commencements followed by s magnetic
storm or a period of storminess") were selected for months of
June, 1965 to January, 1966 and June, 1966 to January, 196T.
Then the IMP 3 magnetometer records were examined neer the
time of each reported s.s.c. For the events which occurred
while IMF 3 was in the interplanetary medium the associeted
discontinuity in the magnetic field was selected and a computer
program used to calculate the aversge field on each slde of the
discontinuity. Periods of between 5 and 15 minutes were chosen
over which to averege, the intervel length being chosen so that
the field was reasonably steady throughout. This meant that the
averages consisted of between 6 and 20 individuel measurements.
In addition to the field averages Bl and B2 end the
associated RMS deviations, various quantities were calculated
including:

A

-
the vector change, Eb-;i - 32

> 2
the shock normal, A =(B' X ¥

yxB /| ®x # ) x&

the normal component, By = ;1 . fia ; - n
-l

the parallel components, q' =B - By , and % =; -n B ; etc,

* Published monthly by the Environmental Sclence Services
Administretion of the U,S, Department of Commerce.



From these quantities it was determined whether or not
the discontinuity might be a shock. The conditions for a fast
shock (discussed by Colburn and Sonett, 1966 ) are the following:
> Bl ,P‘)?', T2% 71 and —ﬂ: . %30. Because plasme date are
not aveilsble on IMP 3 (the plasma experiment failed) the
conditions on density,(’, aend tempereture, T, cannot be checked,
but the requirement on the fields was checked. The events with no
clear increase in the field magnitude, B, or with :g': . 'B:' £ 0 were
identified as tangentiel discontinuities (or if B = B possibly
a rotationel discontinuity) and the other events as possible
shocks.,

The calculation of Z% end of n are used to give informetion on
the orientation of the surface of the discontinuity. Ideally ﬁ is
21l that is needed, but if the discontinuity is not a shock, then
8 as calculated does not give the normel direction. In ell
cases however, 5% must lie in the plane of the discontinuity
since the flux across the surface of the discontinuity is conserved.
In eddition the calculation of ﬁ becomes ineaccurate when .;I is
neerly psarallel to ib . Also the calculation of h is dependent
on the instrumental zero levels while AB is not. For these reasons
it seemed useful to use the vector 5% as en indicetion of
orientetion of the discontinuity surface rather than the unit
normal &. If the normel to the surface is assumed to lie in the
ecliptic plene then a knowledge of 55 is sufficient to determine

the orientation uniquely.




Another asdventege of using 55 is that the RMS error in iﬁ is
eesily calculated. It can be showm to be given by the Pythagorean
sum of the RMS errors in the individusl components of ';1 end 'iz .
Thus it is a simple matter to estimate the accuracy of the measure-
ment of AR by considering the quantity 0"/AB, where 0~ 1s this RMS
error in 55. If this quantity 1s grester than 1 then the measure-
ment is rather poor and the uncertainty in the direction of Sﬁ
is large. On the other hand, if this quentity is less than 0.5
then the directional error in S% is statistically expected to be
less then *30°.

Another characteristic of the discontinuity, 1its veloecity
in the vicinity of the earth, can be celculasted from the observations
by dividing the perpendicular distance between the discontinuity
surface end the earth by the delay time between the recording of
the event &t the spacecraft and 1ts record at the egrth, Unfortu-
nately beceuse of the different propegation cheracteristics of the
magnetosheath and the magnetosphere the aversge velocity obtained
in this way 1is not necessarily representative of the surface in the
interplanetary medium. Alternatively this uncertainty may be
viewed as an uncertainty in the time at which the surface passes the
earth. A recent estimate of the propagation time within the
magnetosphere yields values of the order of 90 seconds (Sugiura,

1965 ). The propagation time through the magnetosheath
depends on the direction of arrival and is estimated to be of

the same order g5 Or slightly grester than this time of



90 seconds, Thus there is an uncertainty of 3 minutes or more
in the time of arrival of the surfesce et the earth, For delsy
times that are long compared to 3 minutes this uncertainty
would be unimportant, but for short delsy times it introduces
large inaccuracies., Because of this velocitles were

only cslculated for those shocks with delay times greater
than 6 minutes,

Finelly, the relation of the s.s.c. events to solar flares
was investigated. All fleres of importance 1+ or grester
occurring between 10 and 120 hours before the s.s.c. were
considered and the largest disturbance (or the flare with
assoclated Type II radio emission) was picked as the most likely
parent flare, If there were several flares of comparsble
magnitude or no flares greater than importance 1 then no

identification was made.




THE OBSERVATIONS

In all there were 52 s.s.c. events identified by 10 or
more magnetic observatories during the months of June, 1965
to Jenuary, 1966 and June, 1966 to Jenuary, 1967, Of these, 36
occurred vhile IMP 3 was in the interplanetary medium. The
magnetometer observations from IMP 3 for these 36 events are
summerized in Tseble 1.

The first column of this table is simply a sequential
numbering of the events., They are listed in chronological
order, The next three columns show the date, universal time,
and the number of megnetic observing stations reporting the
eventy respectively. The number of stations reporting the
event 1s used as & statistical estimaste of the significance
of the event., Its usefulness is illustrated by the observation
that each of the 9 events reported by more than 50
stations was found to be & possible shock, while of the 9
events reported by less than 20 stations only 4 were possible
shocks.

The rest of the columns in the table relate to the IMP 3
measurements, The column headed ORB is the IMP 3 orbit number.
When two or more events occurred during the same orbit the
events are distinguised by a letter (e.g.,the two events on
orbit 7 are lsbelled 7a and 7b). These orbit number
identifications will be used on subsequent figures for identi-
fication purposes. The column headed UTtat is the time of the

passage of the discontinuity st IMP 3 along with the uncertainty



in this time. In all but one case the uncertainty is Just half
the time between successive measurements -wthat is, 20.5
seconds (about 0.k minutes) if the jump occurred between 2
successive points L1 seconds apart or 61.5 seconds (&bout

1.0 minutes) when the jump occurred across the gap where the
rubidium magnetometer is read out. In the one unusuél case
(event 9) the field underwent first a decrease and then 5
minutes later a sharp increase and it was unclear just what
time should be selected, hence the large &t.

The next three columns give the cartesian components of
the spacecraft position vector in geocentric solar ecliptic
coordinstes. Xse is towerd the sun, Zse towsrd the north
ecliptic pole and Yse in the dusk meridian forming a right-
handed system. The next 6 columns list the average magnetic
field components along with the RMS deviation of the average.

'ﬁi is the field before the discontinuity and 3;2 is after.
Ageain the coordinates are solar ecliptic., The next three
colunns give the components of the vector change in the field,
AB. The colum labelled O/AB is the ratio of the RMS déviation
of the vector change to the magnitude of the vector change and
measures the relisbility of the measurement. As mentioned in
the preceding section, if this number is 0.5 or less the
measurement is good. The last column, lebelled Si, is a

sequential numbering of the possible shocks. The events for




which g2 ¢ Bl or EZ . £%<.O have no entry in this column.
Thus it ié seen that of the 36 s.s.c. events which occurred while
IMP-3 was in the interplenetary medium, 26 of them were possible
shocks,

Examples of the two types of events are shown in Flgure 1.
Figure la is event number 1 in Table 1., It occurred on June 8,
1965 and is a possible shock. The discontinuous increase in the
field megnitude and the relstively small change in field
direction are characteristic. The event shown in Figure 1lb is
a tangential discontinuity. It 1s characterized by a large
change in the field direction end thus cannot be & shock. This
is event 3 in the table and occurred July 6, 1965,

In Figures 2 and 3 information from all 26 possible shock
events has been superimposed for the purpose of ccmparison.
Figure 2 shows the 26 possible shock events projected onto the
ecliptic plane (by rotation about the earth-sun line). The
line plotted is the projection of E% on the ecliptic and
represents the orientstion of the event if it is assumed that
the discontinuity surface is normal to the ecliptic or equivalently
that the surfece normal lies in the ecliptic., The error in each
measurement mey be obtained from the OVAB colurn of Table 1.

The arrow plotted for each event is the projection of the unit
normal on the ecliptic. This normal is calculated assuming

that the discontinuity is a shock, This figure shows thsat the



orientation of the discontinuity surfaces 1s not in general
perpendicular to the sun-earth line as 1s often assumed.

Figure 3 shows that in en average sense there is some
order to the orientstion of the discontinuities, By plotting
the direction of the change vectors in this wey it is
evident that there is a preferred orientetion for these vectors.
There is apparently no preference in the © direction, but in the
azimuthal asngleg § ,the events scatter ebout an angle of sbout
115° (or 295°). It is probebly significant that this direction
is intermediete between the perpendiculer to the sun-earth line
(90° or 270°) end the megnetie field spiral engle (1350 or 315°).
The dashed lines are the aversge angles for the outward and
inwerd directed groups of changes.

Thus statistically there is evidence for a preferred
orientation of the surfaces of the discontinuities responsible
for s.s.c. events on the ground. Further informetion can be
obtained by examining the events for which parent flares could
be tentatively selected.

The 26 possible shock events together with informatjion
gbout the identification of the probable parent flare are
listed in Table 2. The first two columns are the date and time of

the event on the ground as in Table 1 and the third column




gives the IMP 3 orbit number. The néxt 5 columns give for the
flare: the date, the time of onset, importance, latitude

and longitude,respectively. Note that for the fifst event
there was a type II radio burst but no flare observed.

The next two columns give the delay time between the
occurrence of the flare and the onset of the s.s.c.

et earth and the average sun-earth transit velocity implied by
this deley. The last columns glves the estimate of the

near earth velocity calculated from the IMF 3 measure-

ments for which the time delay was longer than 6

minwtes, There is an estimated uncertainty of 50% essociated
with this last velocity.

This teble shows that flares were identified for 1& of
the 26 possible shock events. It is interesting that the
identification of flares for only about half of the 26 possible

shock events 1is statistically similer to the findings of
Kuleshova (1961) who found geomsgnetic activity associated

with 50% of the class three fleres which




occurred over & three year period., Of the remaining 12 events
for vhich no flare could be found 9 had no flares greater than
importence 1 in the period between 10 end 120 hours before the
s.s.c, vhile the other 3 had nultiple flares of comparable
importence. Ixemination of the IMP 3 measurements related to
the 1k flere-cssociated discontinuities showed thet for 6 of
these events the RMS deviations were less than 65% of the
magnitude of AB, Two others were included because plasma data heve
elreedy been published for these events (January 20, 1966 -
Gosling et al., 196§; and July 8, 1966 —Lezerus and Binsack
1960 ). For the January 20 event OB was 0.8 and for the
July G event sdditional deta from the Explorer 33 experiment
(Ness and Taylor, 1968) was used to supplement the IMP 3
measurenents. Thus reasonasble orientetion data is availeble
for & totel of 8 flare-associsted events. These are plotted
in Figure 4.in an ecliptic plane view of the earth-sun system.
The discontinuity vector, A% projected on the ecliptic is
plotted at the heliocentric longitude of the earth at the time
of the flare, The longitudes are specified as seen from the
ezxrth, For example the flare associated with the s.s.c. of
Suly 15, 1966 during orbit 71 occurred at 90° W on the solar
disk and thus is plotted at 90° W in the figure. This method
of plotting the events strongly suggests that for the events

occurring west of the central merlidlen on the sun theif angle




of the discontinuilty surface is less than 90° while those
occurring East of the central meridian have g q angle greater
then 90°. This is in egreement with the work of Hirshberg
(1968) and is also predicted by the qualitative picture of
the plasma outburst from a flare presented by Gold (1959).

A final observation can be made about the velocity of
the shock in the vicinity of the earth relative to the
aversge velocity of propagation between the sun and the earth.
Although it wvas possibie to determine the near earth velocity
with reasonable accurscy in only 2 of the 14 flare-associated
events, both cases indicate that the near earth velocity is
less than the average sun to earth velocity in sgreement with

the findings of Gosling et al. (1968) and of Ness and Taylor
(1968).



DISCUSSION
The identification of the events as to the type of

discontinuity is not unambiguous from the masgnetic field data
alone, It is possible to rule out shocks in cases where the
directional change is too lexrge. It is also possible to rule
out rotational discontinuities whenever the magnitude of the
field changes., However, tangentisl discontinuities overlep
both shocks and rotetional discontinuities in thelr possible
magnetic signatures end thus cannot be ruled out without plasma
data. In the 36 events studied in the werk reported here 10
were clearly not shocks, Of these 10, two might possibly” have
been rotgtionel discontinuities but the rest must have been
tangential discontinuities because the magnitude of the field
changed by more than 20%. Among the 26 possible shocks were 2
events for which plasme date have been published (January 29,
1966 - Gosling et al, 1968'and July 8, 1966 -lazerus and Binsack,

1968 ). These two events were clearly shocks snd thus it
does not seem unreessonable to assume thet many of the remaining
2L possible shock events were indeed shocks. As a rough
estimate, perhaps half of the 36 events studied were
shocks and the other half tangential discontinuities,

Of the 26 events labelled as possible shocks a probable

flare cen be associated with only 14 of themsothers were
ambiguous., The events which were related to thelr parent flares

showed orientations in good sgreement with the findings of




Hirshberg (1968). A simplified picture of her resulting

large scale structure for the shock is included in Figure b4

as the dashed line. This line is an arc of a ecircle of radius
0.75 a.u. and centered on the 09 7line 0,5 a,u, from the sun. It
wes drewn as an aid in visuallzing the large scele structure

of the interplenetary shock.

It seems clear that the measurements imply thet the typical
shock front hes & redius of curvature less then, but of the order
of, 1 a.u. Such a picture seems to be intermediaste between
Parker's (1963) spherdcal blast wave model and Gold's (1959) megnetic
tongue model, It is not really inconsist nt with either,

A close look at figure % reveals two events which are not
consistent with the shock surface drawn. These two events can
be understood if one 1s viewed as an example of Gold's model
while the other is an example of Parker's. Orbit 10la shows
& discontinuity vector with a large component in the sunwerd
direction, If this discontinuity were the result of a magnetic
tongue reaching out from the central meridien, perhaps deflected
slightly along the spiral angle then the orientation measured
would be expected, Orbit 10lb is also at varilance with the shock
front drawn because it has an azimuthal angle of slightly more
than 90° where it should be less. It is, however, not greatly
different from 90° and thus might be interpreted as an exemple
of a spherical blest weve, Of course for flares nesr the
central meridian the three pictures (Gold's, Parker's end

Hirshberg's) all predict the same orientation.



Because the events on the Eastern limb of the sun seem to
show a slightly larger average inclination while apasrt from
orbit 10la those on the Western limb show slightly less
inclination than the shock drawn, there seem to be a suggestion
that the best center of symmetry might be to the west of the
centrel meridian, This shift would be slight (~O0°) and the
data cannot be said to be conclusive, Hirshberg's study
seemed to show a similar skewness.

Another conclusion with marginael support in the data is
related to the relative oriéntation of the shock and tangential
discontinuity events. Specifically, the shock events might be
expected to scetter sbout an orientetion of 90° while the
tangentlel discontinuities might be found to scatter sbout the
spiral angle direction or ebout 1350, Then with roughly equal
numbers of each type with similar scatter about their respective
mesns, the resulting distribution would be very much like that
shown in Figure 3. The average @ of the chenge vector would
be between 90° and 135° (or 270° and 315°) end few or no points
would lie in the range 0° - 459 and 180° - 225° precisely as
the figure shows. Clearly this is highly speculative but it

does seem to be e plausable explanation of the data.



CONCLUSIONS

In this study 36 sudden commencement events which occurred
vhile IMP 3 wes in the interplanetary medium have been examined.
It has been found that there are two distinct types of
magnetohydrodynemic discontinuity essociated with these events.
Some are tengential discontinuities while others are shock
waves, It 1s suggested that among the s.s.c. events reported
by more than 10 stations both types may be found. The events
identified by a large number of stations are more likely to
be shocks than those reported by relstively few stations.

The possible shock events are characterized by a discon-
tinuous increesse in the magnetic field magnitude (20% or more)
accompanied by a smell change in the field direction (always
less then 90°). The events cannot positively be identified as
shocks without information about the density and tempersture of
the plasme. Some events can, by elimination, be positively identi-
fied as tangential discontinuities. They are characterized by a
relatively large directional change and a significant change in
the field magnitude.

When all the possible shock events are taken together e
preferred azimiuthsl orientation is found between 90° and 1350
(or 270° and 315°). When the 8 relisble measurements of events
for which the parent flare is identified are plotted as a
function of heliocentric longitude it is epparent that a shock

front with & radius of curvature of the order of, but less than



1 a.u, i8 suggested in agreement with the findings of Hirshberg
(1968). There are indications that some events may be of
Parker's blast wave type while others may be like Gold's
negnetic tongue model, but apparently the bulk of the events
are intermediate between these two models,

Although useful information can be obtained from the
magnetic field data alone it is clear that the complete picture
cannot be obtained without complete plasma data. In addition,
it would be useful to have simultaneous and independent data
from other spacecraft in cis-lunar space. An ideal opportunity
for such a study exists during 1967 and 1968 when the three
spacecraft Explorers 33, 34 and 35 are all operating and much
of the time they are msking simultaneous measurements of both
the megnetic field and the plasma at three separate points
in space. Studies of interplesnetary discontinuities using
simultaneous data from all three spacecraft should provide

definitive informetion on these interesting events.
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Figure 1.

Figure 2.

Figure 3.

Figure L.

FIGURE CAPTIONS

The megnetometer measurements from IMP-3 while

in the interplanetery medium aslong with ground
magnetograms. The field magnitude scale is in

gamas. Ais & measure of the short period

( 55 sec.) fluctuations in the field. © is the
latitude angle of the field (90° is toward the north
ecliptic pole, 0° is in the ecliptic pla.ne) end ¢ is

the azimuth engle, (0° is toward the sun, 90°

towerd dusk etc.) The coordinates are geocentric

soler ecliptiec.

A plot of the orientation of the observed discontinuity
surfaces reletive to the earth and its megnetosphere.
Each surface is lebelled with the IMP-3 orbit number for
identification purposes. All events actuslly occurred in
the interplanetery medium slthough some are inside the
average position of the bow shock.

A scatter plot of the direction of 53. As in Figure 1 ©
is the latitude angle of the field and Y is the

ezimuth angle.

A plot of the orientation of 8 probable shock surfaces

et the appropriate heliocentric longitude relative to the
flare. The dashed line is &n arc of a circle of radius

0.75 a,u. centered on the 0° line 0.5 &a.u. from the sun.
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